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© improved catalyst compositions and methods of making same. 

© A method of making a catalyst composition comprising an activa^_alujnin^ stabilized against 

thermal degradation includes applying a coating of alumina having one or more platinum group metal catalytic 
components dispersed thereon onto a carrier substrate and ^calcining the coating. The calcined coating is then 
impregnated with a solution of a thermal stabilizer-precursor and calcined again to provide a thermal stabilizer in 
the alumina. Bulk ceria, optionally an aluminum-stabilized bulk ceria, may also be added to the composition, 
preferably at specified minimum levels, including a high purity bulk ceria on which one or more non-rhodium 
platinum group metal catalytic components, e.g., platinum, optionally, are. dispersed. A separate aspect of th 
invention provides for a method of making a catalyst composition including dispersing one or more platinum 
group metal catalytic components on an activated alumina and calcining the combined alumina and platinum 
group metal catalytic components. The steps are carried out under limited acidification conditions whereby at 
least minimum dispersions of the platinum group metal catalytic components are attained. The invention also 
provides for catalyst compositions resulting from either or both the foregoing methods. 
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BACKGROUND OF THE INVENTION 



Rekl Of The Invention 

The present invention is concerned with improvements in catalysts useful for the treatment of gases to 
reduce contaminants contained therein. More specifically, the present invention is concerned with improved 
catalysts of the type generally referred to as "three-way conversion" or "TWO" catalysts. These TWC 
catalysts are polyfunction^ in that they have the capability of substantially simultaneously catalyzing the 
oxidation of hydrocarbons and carbon monoxide and the reduction of nitrogen oxides. 



Background and Prior Art 

Catalysts as described above find utility in a number of fields including the treatment of the exhaust 
from internal combustion engines, such as automobile and other gasoline-fueled engines. Emissions 
75 standards fcr unburned hydrocarbons, carbon monoxide and nitrogen oxides contaminants have been set 
by various governments and must be met, for example, by new automobiles. In order to meet such 
standards, so-called catalytic converters containing a TWC catalyst are emplaced in the exhaust gas line of 
internal combustion engines. The catalysts promote the oxidation by oxygen in the exhaust gas of the 
unburned hydrocarbons and carbon monoxide and the reduction of nitrogen oxides to nitrogen, if the engine 
w operation is too rich in fuel to provide sufficient oxygen inherently in the exhaust gas, oxygen may b 
introduced into the exhaust gas as required. The use of separate catalyst beds to promote, respectively, 
oxidation and reduction, is known and it is also known to use a catalyst system combined in a single bed to 
substantially simultaneously promote both the oxidation and reduction reactions as described above. It is 
these types cf paiyfunctianal catalyst systems that are generally referred to as TWC catalysts, as noted 
25 above. A great dad of activity has been engendered in the field in an attempt to economically produce 
catalysts which exhibit goad activity and long life in promoting the conversion of hydrocarbons, carbon 
monoxide and nitrogen oxides, even when contained in very small quantities in a gas stream, to innocuous 
substances such as carbon dioxide, water and nitrogen. For this purpose, catalysts comprising one or more 
platinum group metals dispersed upon a high surface area support are well known in the art. The support 
a© may comprise a high surface area alumina coating carried on a carrier such as a monolithic carrier 
comprising a refractory ceramic honeycomb structure, as well known in the art. 

Thus, typical catalyst compositions comprise a minor amount of platinum or palladium, preferably 
including* one or more of rhodium, ruthenium and iridium, in particular rhodium, as a platinum group metal 
component. The platinum group metal component is typically dispersed on a high surface area alumina 
as material which enhances the catalytic activity of the material by dispersing the catalytically active platinum 
group metal components on a very high surface area support layer. Typically loosely referred to in the art 
as "gamma alumina" or "activated alumina", such high surface area alumina materials typically exhibit a 
BET surface area in excess of 60 m^/g, often in excess of 80 m*/g. e.g., up to about 150 or 200 m*/g or 
more. Such activated alumina is usually a mixture of the gamma and delta phases of alumina, but may also 
40 contain substantial amounts of eta, kaDpa and theta alumina phases. 

A common deficiency associated with supported catalyst systems is thermal degradation of the catalyst 
suDport from extended exposure to high exhaust gas temperatures of the automotive or other internal 
combustion engine. In a moving vehicle for example, exhaust temperatures can reach 1000°C, and such 
elevated temperatures cause the support material to undergo a phase transition with accompanying volume 
45 shrinkage, especially in the presence of steam, whereby the catalytic metal becomes occluded in the 
shrunken support medium with a loss of exposed catalyst surface area and a corre sponding decrease in 
activity, tt is a know expedient in the art to stabilize the alumina against such thermal degradation by the 
use of materials such as zirconia, titania. alkaline earth metal oxides such as baria, calcia or strontia or, 
most usually, rare earth metal oxides, for example, ceria, lanthana and mixtures of two or more rare earth 
so metal oxides. For example, see U.S. Patent 4,171,288 or Carl 0. Keith, et ai. 

Polyfunctional or three-way conversion catalysts, which serve to substantially simultaneously oxidize 
hydrocarbons and carbon monoxide and reduce nitrogen oxides, usually require that the ratio of air to fuel 
f-A/F ratio") introduced into the engine whose exhaust gas is being treated, be at or within a narrow 
deviation from the stoichiometric ratio. A problem with TWC systems is the adverse effect on catalyst 
activity caused by the use in automooiies of high A/F ratios which cause greater than stoichiometric oxygen 
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concentration in the exhaust gases. To achieve optimal, substantially simultaneous redox reactions with 
conventional TWC systems requires the A/F ratio to be in the vicinity of stoichiometric. The use of high A/F 
ratios in automobil engin s improves the fuel economy of the engine, but the presence of excess oxygen 
in the exhaust, referred to in th art as a "lean exhaust", reduces the activity of platinum group metal 
catalysts, as platinum is readiiy sintered at elevated temperatures in a lean exhaust atmosphere, mus 
reducing the available metal surface area of the catalyst. To acnieve optical simultaneous reaox reactions in 
the exhaust using conventional catalysts, the A/F ratio must be in the vicinity of the stoichiometric A/F since 
the immediate vicinity of the stoichiometric A/F forms the TWC "window" where the catalyst efficiency is 
high for the conversion for ail three, i.e., hydrocarbon, carbon monoxide and nitrogen oxide, pollutants. 

Lean exhaust conditions also have a detrimental effect on the rhodium catalyst. In the Journal of 
Catalysis, Volume 50, pages 407-418 (December, 1977) in an article enti tied, -Surface Interaction in the 
System Rh/AlzCb", the authors report that rhodium interacts strongly with gamma alumina. Under iean 
exhaust conditions at elevated temperatures, rhodium interacts with and diffuses into the gamma alumina 
particles. Thus, exposure of TWC systems containing gamma alumina-supported rhodium to lean exhaust 
conditions results in a reduction in activity believed to be due to a loss of rhodium accessibility to th 
exhaust system. 

The art has devised various methods to improve the catalyst efficiency of Pt/Rh based TWC systems 
and widen the TWC window. For example, to reduce the rhodium-gamma alumina, support interactions, the 
art has suggested substituting alpha-alumina (U.S. 4,172,047) or zirconia (U.S. 4,233.189) as a support 
material which is not interactive with rhodium. However, alpha-alumina and zirconia are relatively low 
surface area materials, which is disadvantageous as catalyst activity in such use depends to a certain extent 
on the surface of the support During the operation of the vehicle, various catalyst poisons such as lead, 
zinc and phosphorus are generated from the consumption of fuel and engine oil and deposit non-selectiveiy 
on the active surfaces of the catalyst metals thereby reducing the available metal surface area of the metal 
catalyst. As the initial surface area of the TWC material is already low due to the use of the low surface 
area alpha-aiumina or zirconia, the deposition of the poisons may accelerate loss of activity by the TWC 
system to an unacceptable level. 

. U.S. Patents 3.S93.572 and 4,157,316 represent attempts to improve the catalyst efficiency of Pt/Rh 
based TWC systems by incorporating a variety of metal oxides, e.g., rare earth metal oxides such as ceria 
and base metal oxides such as nickel oxides, in the TWC system. Thus, in an article entitled Three Way 
Catalyst Response To Transients" in Inci Eng. Chem. Prod. Res. Dev. 1980, 19, 288-293 the authors, 
Schlatter et ai report that the operating environment of three-way catalysts is characterized by oscillations of 
the feed stream composition which occur with a frequency in the order of 1 Hz. It has been suggested that 
the incorporation of an "oxygen storage* component in the catalyst moderates the effects of the rapid 
changes between rich and lean exhaust stoichiometrics. The authors question the validity of the conven- 
tional explanation that the storage component adsorbs excess oxygen during excursions on the lean side of 
the stoichiometric set point and releases it during subsequent excursions on the rich side. The authors also 
suggest that the presence of cerium on the rhodium-impregnated spheres in a "fresh" three-way catalyst 
enhances the performance of the catalyst under transient or oscillating feed stream conditions by increasing 
either the amount or the stability of the oxidized rhodium species. In a later article, published in the same 
journal, entitled "Ceria- Promoted Three-Way Catalysts for Auto Emission Control" IndL Eng. Chem. Prod. 
Res. Dev. 1982, 21, 274-288, the author, Kim reports that ceria is the best non-noble metal oxide promoter 
for a typical Pt-Pd-Rh TWC suoported on alumina catalyst largely because it enhances the water-gas shift 
reaction (CO + H2O = CO2+H2) and possibly due, in part, to the additional oxygen storage it provides to the 
TWC. 

U.S. Patent 4,539,311 discloses a catalyst for treating motor vehicle exhaust fumes which catalyst is 
said to have an improved tolerance for lead. A high surface area alumina is impregnated first with a barium 
moiety, such as an aqueous solution of a barium compound which decomposes to produce barium oxide on 
firing at over 400 °C, and, after such firing, is subsequently impregnated with a dispersion of a platinum 
group metal moiety such as by soaking the alumina in an aqueous solution of a metal compound which on 
firing at over 400 °C decomposes to leave behind either the platinum group metal or a compound whtcn 
converts to the metal when the catalyst is placed in use. The catalyst is made by coating a honeycomb 
support with alumina incorporating cena. The dried and calcined alumina coating was then soaKed in an 
aqueous solution of barium nitrate, dried and fired and then soaked in an aqueous solution of chloroplat inic 
acid, dried and fired. The firing steps were carried out at 550 °C. 
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U.S. Patent 4-,294-,726 discloses a TWC cataiyst composition containing platinum and rhodium obtained 
by impregnating a gamma alumina earner materia] with an aqueous solution of cerium, zirconium and iron 
salts or mixing the alumina with oxides of, respectively, cerium, zirconium and iron, and then calcining the 
material at 50fl ta 7UH°C irr air after which th material is impregnated with an aqueous solution of a salt of 

s platinum and a. salt of rhodium dried and subsequently treated in a hydrogen-containing gas ax a 
temperature of 250-550 °C The alumina may be thermally stabilized with calcium, strontium, magn sium or 
barium compounds. The ceria-zirconia-iron oxide treatment is followed by impregnating th_ treated carrier 
material with aqueous salts of platinum and rhodium and then calcining the impregnated material. 

U.S. Patent 4,504,598 discloses a process for producing a high temperature resistant TWC cataiyst. 

70 The process includes forming an aqueous slurry of particles of gamma or activated alumina and impregnat- 
ing the alumina with soluble salts of selected metals including cerium, zirconium, at least one of iron and 
nickel and at least one of platinum, palladium and rhodium and, optionally, at least one of neodymium, 
lanthanum, and praseodymium. The impregnated alumina is calcined at 600 °C and then dispersed in water 
to prepa'e a slurry which is coated on a honeycomb carrier and dried to obtain a finished catalyst. 

rs European Patent Application 0152052, published August 21. 1985, discloses a monolithic TWC cataiyst 
prepared by impregnating an active alumina powder with a soluble platinum compound, calcining th 
impregnated powder and then mixing it with a hydrous cerium hydroxide powder, the particle size and 
water content of which is controlled to assure dispersibility. The mixture is pulverized in a dilute nitric acid 
solution to prepare a coating slurry which is deposited upon a monolithic support, dried and then calcined. 

20 The moniithic support was then impregnated with an aqueous solution of a rhodium salt and dried to 
provide a finished catalyst. 

Japanese Patent Publication 59-127649 published July 23, 1984 (Application Number 58/1983-336) 
discloses a TWC and monolithic cataiyst having a first base layer of activated alumina supporting platinum, 
palladium, cerium and lanthanum catalytic elements and a second, upper layer of alumina on which 

25 rhodium, iron and lanthanum is dispersed. A first alumina slurry comprising alumina particles impregnated 
with cerium nitrate and lanthanum nitrate is prepared and coated upon the monolith, dried and calcined at 
700°C. The nnmw H monolith was then immersed in an aqueous solution of the platinum compound and 
dried to form the first la^er. Another alumina slurry was prepared with the alumina particles impregnated 
with lanthanum rritrata ard ferric nitrate and calcined and coated onto the monolithic carrier containing the 

30 first alumina layer. The monolith was thereafter immersed in an aqueous rhodium compound solution and 
withdrawn and dried to provide the upper layer. 



Copending and Common iy Owned Patent Applications 

35 

The fallowing copending U.S. Patent Applications, the disclosure of each of which is incorporated by 
reference herein, are owned by the assignee of this application and disclose three-way cataiyst composi- 
tions particularly adapted for treating the exhaust gases of internal combustion engines. 

Cataiyst compositions which are particularly useful in the treatment of exhaust gases of internal 

40 combustion engines operated at a lean air-to-fuel ratio are disclosed in the following copending U.S. Patent 
Applications: Serial No. 832,499, now U.S. Patent No. 4675308 filed February 20, 1986 as a continuation-in- 
part ("CIP") of Serial No. 620,415, see EP-A-0171151 filed June 14, 1984, both in the name of C.2. Wan et 
al and entitled "Three-Way Catalyst For Lean Operating Engines"; Serial No. 342,746, now U.S. Patent No. 
4678770 filed March 17, 1986 as a CIP of Serial No. 696.950, see EP-A-0171151 filed January 31, 1985. 

45 itself a CIP of the aforesaid Serial No. 620,415, both in the name of C.Z. Wan et ai and entitled "Three-Way 
Cataiyst For Lean Exhaust Systems"; Serial No. 772,296, filed September 4. 1985 as a continuation-in-part 
of Serial No. 696,947, see EP-A-0171151 filed January 31. 1985, itself a CIP of the aforesaid Sena! No. 
620,415, both in the name of C.Z. Wan et al and entitled Three- Way Catalysts of Improved Efficiency". 
The catalyst compositions disclosed in these applications comprise rhodium and a second platinum group 

so metal selected from platinum, palladium and mixtures thereof and rare earth metal oxides. The rhodium, or 
at least a substantial portion of it, is dispersed on particles which are substantially free of rare earth metal 
oxides, the inventors having discovered that during extended use of the TWC cataiyst under high 
temperature conditions, the rhodium metal content of a rare earth-promoted TWC on alumina cataiyst 
interacts with the rare earth metal. This aggravates the deleterious effect oh cataiyst activity of the 

55 interaction between rhodium and gamma alumina, noted above with reference to the Journal of Catalysis 
article. In order to overcome the problem of rhodium-rare earth metal oxid interactions, the rhodium 
content is dispersed on alumina particles which are substantially free of rare earth metal oxides and which 
preferably have an alkaline earth metal oxide combined therewith. The second platinum group metal 
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(platinum and/or palladium) is preferably dispersed on alumina panicles which have a rare earth metal oxide 
combined therewith or may be dispersed on panicles of a rare earth metal oxide or panicles of alumina. 
The rhodium panicles preferably have an initial average particle size greater than 30 Angstrom in diameter 
to further reduce interaction of the rhodium with the support. Thus, at least two different types of panicles 

s are included in the cataiytic coating, which may be dispersed on a monolithic carrier means. The first type 
of particle comprises rhodium and. optionally, platinum and/or palladium, dispersed on a high surface area 
alumina which is substantially free of rare earth metal oxides. The second type of panicle comprises 
platinum and/or palladium dispersed on a high surface area aiumina which may optionally include rare earth 
metal oxides either as a thermal stabilizer for the alumina or as an active catalytic species. Optionally, a 

10 third type of panicle comprising a buik rare earth metal oxide, optionally having platinum and/or palladium 
thereon, may also be utilized. 

Copending U.S. Patent Application Serial No. 722,905, see EP-A-01 99509 filed April 12. 1985 in the 
name of C.Z. Wan et al and entitled "High Temperature Catalyst Compositions For internal Combustion 
Engine" discloses a TWC cataiyst adapted for treating exhaust gases from heavy duty truck engines. This 

is catalyst uses at least three types of catalytic particles dispersed as a coating upon a ceramic substrate as 
follows: thermally stabilized activated alumina particles having a platinum group metal dispersed thereon, 
cataiytic promoter metal oxide particles which are substantially free of platinum group metal, and particles 
of an inert, thermally stable, filler material. The stabilized alumina support material may be thermally 
stabilized with lanthana/baria materials, the cataiytic promoter oxides may be selected from oxides of 

20 chromium, titanium, zirconium and cerium and the inert thermally stable filler material may be particles of 
one or more of cordierite, muiiite, magnesium aluminum titanate and the like. 

While the foregoing Commonly Owned patent applications disclose useful advances in the art, further 
improvement in the catalyst compositions is desirable, particularly with respect to improving the stability of 
the alumina-containing coating or "washcoat" of cataiytic material coated upon a carrier substrate. Such 

25 improved stability is among the advantages provided by the present invention. 



SUMMARY OF THE INVENTION 

30 In accordance with the present invention there is provided a method of making a catalyst composition 
comprising a platinum group metal catalytic component and an activated alumina stabilized against thermal 
degradation, the method comprising the following steps: (a) applying a coating of activated alumina to a 
carrier substrate; (b) calcining the resultant alumina-coated substrate to provide a calcined coating of 
activated aiumina thereon; (c) dispersing one or more platinum group metal components on the activated 

35 alumina; (d) after step (c), dispersing a stabilizer-precursor onto the calcined coating on the carrier, e.g., 
impregnating the calcined coating with an aqueous solution of a thermal stabilizer-precursor; and (e) 
calcining the coating having the stabilizer-precursor dispersed thereon. The calcinations are carried out at a 
temperature of not more than about 600 °C, preferably at not more than about 500 °C, most preferably at not 
more than about 350 °C. The calcinations may be carried out in air. In another embodiment of the invention, 

40 the activated aiumina of steps (a) and (b) is an unstabiiized aiumina. 

In another aspect of the invention, the one or more platinum group metal cataiytic components 
comprise (i) a platinum component, (ii) a palladium component (iii) a platinum component and a palladium 
component, (iv) a palladium component and a rhodium component, or (v) a platinum component and a 
rhodium component. Yet another aspect of the invention includes incorporating a solid, particulate rare earth 

45 metal oxide with the activated aiumina, e.g., ceria. optionally an aluminum-stabilized ceria. The ceria 
preferably comprises at least 90%, preferably at least 95%, more preferably at least 99% (all by weight) 
ceria or ceria precursors, measured as CaOs. exclusive of any aluminum-stabilizers and cataiytic compo- 
nents, if present. The ceria optionally has one or more non-rhodium platinum group metal cataiytic 
components dispersed thereon. 

so In accordance with another aspect of the present invention there is also provided a method of making a 
catalyst composition comprising an activated alumina having one or more platinum group metal catalytic 
components dispersed thereon, the method comprising the following steps: (a) dis persing one or more 
platinum group metal cataiytic components on an activated alumina; fb) combining a solid, particulate ceria 
with the activated aiumina to form an alumina-cena mixture; (c) applying a coating of the alumina-ceria 

55 mixture to a earner substrate; (d) calcining the suostrate coated with the alumina-ceria mixture to provide 
thereon an activated alumina-containing calcined coating; (e) after step (a), impr gnating the calcined 
coating on the carrier with a solution of a staoiiizer-precusor: and (f) calcining the stabiiizer-precursor 
imoregnated coating. 
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Still another asoect of the invention provides a rnethod of making a cataJyst composition comprising an 
activated alumina having one or more platinum group metai cataiytic components dispersed thereon, the 
method comprising the steos of: (a) dispersing one or more platinum group metai cataiytic components on 
an activated alumina; (b) applying to a carrier substrate the activated alumina having one or more platinum 

5 group metai cataiytic components thereon and calcining the resultant coating orr the carrier substrate: and 
(c) carrying out steps (a) and (b) under limited acidification conditions whereby the platinum, rhodium and 
. palladium catalytic components, when one or more are present, each has a dispersion as measured by the 
CO chemisorption procedure set forth in Example 2 of at least about 0.3 CO/PM, preferably at least about 
0.4 CO/PM, after reduction in hydrogen at 750°C in the case of platinum and rhodium and has a dispersion 

jo of at least about 0.3 CO/PM after heating in air for one hour at 750 °C followed by reduction in hydrogen at 
350 °C for one hour. 

Another method aspect of the invention provides for the preliminary step of milling a slurry of particles 
of the activated alumina and controlling acidification conditions by carrying out the milling in a non-acidified 
milling liquid, e.g., water, to reduce the size of the particles in a first stage size reduction step. The 
75 invention provides for carrying out a second stage size reduction step comprising milling the particies of 
activated alumina obtained from the first step in an acidified milling liquid, e.g., in an aque ous solution of a 
suitable acid. 

The present invention also provides a catalyst composition comprising an activated alumina having one 
or more platinum group metai cataiytic components dispersed thereon, the alumina and dispersed cataiytic 

20 components having been applied to a carrier substrate and calcined and disoersed thereon to provid a 
calcined coating on the earner substrate, which is then stabilized by impregnating the calcined coating with 
a solution of a stabilizer precursor, and calcining the stabilizer precursor-impregnated coating. 

Generally, the compositions of the invention include the various combinations obtained by the above- 
described method aspects of the invention. 

25 The present invention comprises two broad aspects which may be used conjointly or independently of 
each other. One of these broad aspects encompasses applying a thermal stabilizer to a previously calcined 
coating of the cataiytic material on a carrier substrate and to catalysts obtained thereby. The other broad 
aspect encompasses coating a carrier substrate with an activated alumina having one or more of platinum, 
rhodium and palladium catalyst components dispersed thereon, and calcining the coated substrate, ail 

30 under limited acidification conditions to obtain at least a minimum d isper s io n of the cataiytic components on 
the catalyst 



BRIEF DESCRIPTION OF THE DRAWING 

35 

The sole Figure of the drawing is a simplified block flow diagram illustrating one embodiment of the 
method of the invention. 



40 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The catalysts of the present invention may take the form of a carrier substrate, such as a monolithic 
honeycomb or a foam-type ceramic or metai structure on which a coating of cataiytic material is applied. 
Thus, the catalytic material may be provided in the form of a catalytic coating applied to a monolithic 

45 honeycomb element, usually comprising a cylindrical shaped member having a plurality of fine, parallel gas 
flow passages extending therethrough. Typically, there may be from 60 to 600 or more such parallel fine 
gas flow passages per square inch of the face of the honeycomb member, the walls cf these passages 
being coated with the catalytic material. The coating of catalytic material may be applied by dipping the 
monolith into a slurry of the catalyst particles in water. The monolithic honeycombs may be made from 

so metals such as corrosion -resistant stainless steel, or more typically, from ceramic type materials comprising 
refractory crystalline materials such as sillimanite. magnesium silicates, zirconia. petalite, spodumene. 
cordierite, mullite, aiumino-siiicates or combinations of such materials. Generally, such materials comprise 
varying compositions of silica-magnesia-aiumina and have some surface porosity. The catalytic coating 
comprises cataiytic metals and/or compounds dispersed on refractory inorganic oxides, typically alumina, or 

55 alumina with one or more other oxides as additives for increased strength, heat-resistance, etc. 

The catalyst composition of the invention generally comprises an activated alumina support on which 
cataiytic metal components are dispersed. The activated alumina, as described above, provides a high 
surface area suoport whicn enhances the catalytic activity of the cataiytic components dispersed thereon. 
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The catalytic components are dispersed on me activated alumina typically by impregnating the 
activated alumina with solutions of soiubie compounds of the catalytic metais or liquid dispersions of 
compi xea of the catalytic metal compounas:. The activated aJumina may also be impregnated with on or 
more modifiers as described beiaw. 
s As exaJajned in detail in the- aforementioned copending and Commonly Owned patent applications it 
may be desired to impregnate a portion of the activaied alumina with one catalytic metai component and 
another portion of the activated alumina with another catalytic metai component and then com bine the two 
. separately impregnated batches of activated alumina to make the catalytic material of the invention. Thus in 
the case of preparing a piatinum/pailadium/rhodium TWC catalytic material, a rhodium compound is placed 
w into solution and the solution (which optionally may aiso contain soluble comoounds of platinum and/or 
palladium) is contacted with activated alumina particles which are substantially free of rare earth oxides. The 
reason for this is the discovery (which forms no part of the present invention) that intimate contact betwe n 
rhodium and rare earth metai oxides has a deleterious effect on operation of the catalyst after exposure to 
high temperatures at lean operating conditions. In any case, the rhodium compound-impregnated gamma- 
rs alu mina pa rticles are combined with another batch of activated aJumina which has separately been 
impregnate w*trr platinum and: palladium compounds in a similar fashion. The platinum and palladium 
impregnated alumina advantageously may contain one or more suitable modifiers, as described beiow, 
impregnated into the alumina in the same manner as the catalytic metal compounds, in order to enhance 
stability of the finished product. The separate impregnated batches of alumina may either be combined in a 
20 liquid medium such as water to provide a slurry of the mixed impregnated particles in a liquid, which slurry 
is applied to the carrier substrate, or the separate impregnated batches of alumina may be applied 
successively in layers to the earner substrate. Similarly, ceiia particles, which optionally may be impreg- 
nated with one or more non-rhodium platinum group metai catalytic components, and incorporated into th 
catalyst composition as discussed beiow, may be combined with one or more or ail of the impregnated 
25 alumina batches. Alternatively, the ceria may be applied to the carrier substrate as a separate layer. Th 
monolithic substrate members may- be dipped into the slurry to fill the gas flow passages ther of, 
whereupon excess slurry is blown out of the monolrths with compressed air and the monoliths are dried to 
leave behind a catalytic coating of the impregnated alumina particles on the walls of the fine gas flow 
passages. The monolith is then calcined in air to drive off the liquid and fix the catalyst on the alumina 
30 support, leaving behind a thin, strongly adherent catalytic coating on the carrier substrate. 

As noted above, one or more modifiers may optionally be employed in activated-alumina containing 
catalyst compositions irr accordance with the present invention. Among such modifiers are thermal 
stabilizers which serve to retard undesirable alumina phase transitions (e.g., gamma to alpha alumina) at 
elevated temperatures which may be any known stabilizer or combination of stabilizers such as, for 
33 example, one or more rare earth metal oxides, silicon dioxide, oxides of Group IVB metals (zirconium, 
hafnium and titanium) or one or more alkaline earth metal oxides. Other modifiers such as oxid s of 
chromium, iron, and nickel, or their precursors, may aiso be employed. Some modifiers may serv more 
than one function, e.g.. may serve as both a thermal stabilizer and a catalytic promoter. The modifi r, or 
precursors thereof, may be impregnated from a solution or liquid dispersion into the activated alumina 
40 particles. One aspect of the present invention provides for applying one or more thermal stabilizers to a 
previously calcined coating of the activated alumina and catalytic components on a carrier substrate. In 
other aspects of the invention, one or more modifiers may be applied to the activated alumina either before 
or after the alumina particles are formed into an adherent, calcined coating on the earner substrate. (As 
used herein and in the claims, a "precursor", whether of a thermal stabilizer, other modifier or other 
45 component, is a compound, complex or the like which, upon calcining or upon use of the catalyst, will 
decompose or otherwise be converted into, respectively, a thermal stabilizer, other modifier or other 
component. The presence of one or more of the metal oxide thermal stabilizers tends to retard the phase 
transition of high surface area aluminas such as gamma and eta aluminas to alpha-alumina, which is a low 
surface area alumina. The retardation of such phase transformation tends to prevent or reduce the occlusion 
50 of the catalytic metal component by the alumina with the consequent decrease of catalytic activity. The 
amount of metai oxide thermal stabilizer combined with the alumina may be from about 0.05 to 30 weight 
percent, preferably from about 0.1 to 25 weight percent, based on the total weight of the combined aJumina, 
stabilizer and catalytic metal component. Alkaline earth metal oxides which may be thus used to stabilize 
the catalytic coating are oxides of barium, strontium, calcium and magnesium. Silicon dioxide and/or oxides 
of Group IVB metais (zirconium, hafnium and titanium) may be employed for the purpose. Among the rare 
earth metal oxides which may be simiiariy employed in the catalyst are oxides of cerium, lanthanum, 
neodymium, praseodymium and mixtures thereof, including the commercially available mixtures of rare 
earth metal oxides. 
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Another component which may advantageously be added to the cataiyst composition of the invention is 
ceria in bulk form, which is known to promote oxidation and reduction reactions. 3y bulk form it is meant 
that particles of ceria are admixed with the particles of activated alumina so that the ceria is ores nt in solid 
or bulk form as opposed to. for example, impregnating the aiumina particles with a solution of a cerium 

5 compound which upon caicination is convened to ceria dispersed within the aiumina particles. Other 
promoters for oxidation and reduction reactions may also be included, for example, oxides of one or more 
of manganese, vanadium, copper, iron, cobalt, chromium, zirconium, nickel and the like. Such materials 
may be introduced as the oxide or as a precursor which is converted to the oxide upon caicination or upon 
use of the cataiyst. For example. TWC catalysts comprising a platinum group metal and a base metai oxide 

to selected from oxides of metals having an atomic number from 25 to 28 plus rhenium and mixtures thereof, 
are disclosed in U.S. Patent 4,157,316 of C.E. Thompson et al. Such oxidation-reduction promoters may be 
incorporated in bulk form and are usually incorporated in the catalytic com position in amounts ranging from 
about 0.05 to about 50% by weight, preferably from about 0.5 to about 25% by weight of the catalytic 
material. 

rs It is also an aspect of the present invention that beneficial effects are attained by utilizing a high 

proportion of bulk ceria of suitably high surface area in the catalytic composition of the invention. It has 
been observed that the promoting effects of the bulk ceria are enhanced and catalysts of high activity and 
durability are attained by providing increased quantities of bulk ceria, preferably aluminum-stabilized buik 
ceria, in the catalytic coating. The aluminum-stabilized ceria has been found to retain its surface area under 

20 the high temperature and other conditions of use of the catalyst, as explained more fully in our Application 
based on USSN 880270, filed concurrently herewith. Because the stabilized ceria is superior in terms of 
retaining its high surface area, it becomes useful to impregnate the bulk ceria with a non-rhodium platinum 
group metal catalytic component as illustrated in the flow chart of the Figure. 

In any case, in accordance with another aspect of this invention, it is desirable to provide bulk ceria of 

25 at least one square meter surface area per cubic inch of cataiyst volume in the composition of the catalyst. 
Generally, it is preferred to provide from about 0.1 to about 2 grams per cubic inch of such ceria. Thes 
would provide in the finished catalyst a contribution to surface area of the buik ceria of from about 1 to 200 
square meters of ceria per cubic inch of catalyst preferably from about 2 to 150 square meters of ceria per 
cubic inch. 

aa In accordance with another aspect of the present invention, a beneficial effect is provided by utilizing as 
the bulk ceria a ceria of high purity and dispersing at least a portion of the platinum group metal component 
on the buik ceria. Commercially available ceria utilized as the bulk ceria usually comprises at least about 90 
weight percent, measured as Ce02. of the total rare earth metai oxide con stituents, the non-ceria rare earth 
metal oxides comprising predominantly lanthana, plus lesser amounts of neodymium oxide and 

as praseodymium oxide and still smaller amounts of other rare earth metal oxides. 

It is conventional wisdom in the art that the platinum group metal catalytic component should b 
dispersed upon a high surface area material, i.e., the activated alumina, with which it is compatible. 
However, it has been found advantageous in the practice of the present invention to also disperse a 
platinum group metai component, other than a rhodium component, onto the bulk ceria promoter. It has 

4Q further been found to be advantageous if the ceria is a high purity ceria, such as a low temperature calcined 
ceria comprising at least about 90, preferably at least about 95. more preferably at least about 99, weight 
percent, measured as CeO?, of the total rare earth metai oxide constituents. 

With respect to the amount of platinum group metal catalytic component utilized in the catalyst, it is of 
course desired to minimize the amount of these expensive materials consistent with providing an effective 

45 catalyst. Since the amount of platinum and palladium occurring in naturally mined ores is much greater than 
the amount of rhodium occurring in such ores, the proportion of platinum (and palladium, when palladium is 
utilized) is usually significantly higher than that of rhodium in the cataiyst. Thus, the combined weight of 
platinum, or of platinum and palladium, is usually in excess of twice the amount of rhodium, preferably at 
least four times the amount of rhodium, and most preferably at least ten times the amount of rhodium 

so present. The total weight of platinum group metal catalytic component utilized, measured as the metal, 
typically will not exceed about 10 weight percent of the weight of the catalytic material, for example, it will 
comprise from about 0.01 to about 8%, more preferably from about 0.05 to 5 weight percent of the catalytic 
material. In this context, reference to the "catalytic material'' is to the material comprising alumina, catalytic 
components and stabilizers and/or, if present, other modifiers such as reaction promoters, and excludes the 

55 monolithic carrier substrate. When the catalytic material is applied as a thin coating to a monolithic carrier 
substrate, the proportions of ingredients are conventionally expressed as grams of material per cubic inch 
of cataiyst as this measure accommodates different gas flow passage cell sizes in different monolithic 
earner substrates. For typical automotive exnaust gas catalytic converters, the catalyst composition {catalyst 

3 
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mater.al plus monolithic substrate) generally may compnse from about 0.25 to about 4.0. preferably about 
0.25 to about 3.0 g/in- of catalytic material coating, including about 0 to about 25. oreferaoiy about 0 1 to 
about 15 g/ft3 rhodium and about Q.5 to about 150. preferably about t to about 90 gW of platinum and/or 
palladium. 

In preparing the catalyst, a platinum group metal catalytic component sucn as a suitable compound 
and/or complex of any of the platinum group metals may be utilized to achieve disoersion of the catalytic 
component on the activated alum.na support particles. (As used herein and in the claims the term 
"platinum group metal catalytic component" means any platinum group metal compound, comolex or the 
like wh.ch, upon calcination or use of the catalyst decomposes or otherwise converts to a cataiytically active 
form, usually, the metal. The term "platinum group metal" has its usual meaning as comprising the metais 
platinum, rhoaium, palladium, iridium, ruthenium and osmium. Water sotuble compounds or water dispers- 
mle complexes as well as organic soluble or dispersible compounos or comoiexes of one or more platinum 
group metals may be utilized as long as the liquid used to .mpregnate or deposit the catalytic metal 
compounds onto the alumina support particles do not adversely react with the catalytic metal or its 
compound or complex or the other components of the slurry, and are capable of being removed from the 
catalyst by volatilization or decomposition upon heating and/or the application of vacuum. In some cases 
the completion of removal of the liquid may not take place until the catalyst is placed into use and 
subjected to the high temperatures encountered during operation. Generally, both from the point of view of 
economics and environmental aspects, aqueous solutions of soluble compounds or complexes of the 
platinum group metals are preferred. For example, suitable comoounds are chloroDlatinic acid, potassium 
platinum chlonde. ammonium platinum thiocyanate. amine soiubiiized platinum nyaroxide. rhodium chloride 
rhoaium ox.de. modium sulfide, rhodium nitrate, hexamine rhodium chloride, etc. If both platinum and 
palladium are to be impregnated onto the activated alumina particles, both are preferably in water soluble 
form such as. for example, as the respective amine hydroxide or as chloroplatinic acid, oalladium nitrate or 
palladium chtonoe. During the calcination step, or at least during the initial phase of use of the catalyst 
such compounds are converted into a cataiytically active form of the platinum grouo metal or a compound 
thereof. 

Improved stabilization of the alumina of the catalytic materia* is attained by impregnating the catalytic 
matenal with a liquid dispersion or solution of a suitable stabilizer precursor after the catalytic material has 
been calcined, preferably after it has been coated onto the carrier substrate and calcined to form a thin 
adherent coating thereon. The stabilizer is one which enhances the properties of the catalyst composition' 
especially one which improves thermal stability of the catalyst composition. Without wishing to be bound by 
any particular theory, one explanation for the improved modification or thermal stabilization results attained 
by "post-stabilization-, i.e.. by adding the stabilizer to the in-ptace. previously calcined catalytic coating on 
the earner substrate, is the possibility that both the alumina particles and the stabilizer on the activated 
alumina particles may react with the acidic media such as acidic solution of platinum group metals, and 
acidic ballmilhng agents, etc.. during the formation of a catalytic coating which results in appreciabl loss in 
alumina sta bilization efficiency. The "post-stabilization* method avoids the solubilization of the alumina 
and/or stabilizer and provides an effective means for contacting the stabilizer with alumina without 
mterfenng with the dispersion of the precious metals due to the neutral or somewhat basic nature of the 
stabilizers used. In any event, regardless of whether or not the theory is correct, it has been found that 
post-stabilization of the catalytic coating, i.e.. deferring application of the one or more stabilizers, to the 
catalytic coating until after it has been applied as an adherent coating to the carrier substrate, provides 
enhanced results, as indicated by the following Examples. 

Example 1 

In order to demonstrate the advantage of the post-stabilization technique of the invention with respect to 
thermal degradation of an activated alumina coating, the following experiment was carried out. An activated 
gamma-alumina having a BET surface area of 130 mVg and a particle size of 95% by weight of the 
particles being less than 50 microns in diameter was used. For convenience, the unimpregnated gamma- 
alumina was designated as Alumina Powder A. Portions of Alumina Powder A were respectively impreg- 
nated with aqueous solutions containing barium nitrate (Alumina Powder B). lanthanum nitrate (Alum.na 
Powder C). zirconium nitrate (Alumina Powder D) and a mixture of lanthanum nitrate and barium nitrate 
(Alum.na Powder E). After drying and calcining at 600'C for one hour. Alum.na Powder B containing 0.8 
weight percent BaO. Alum.na Powder C containing 2.5 weight percent Laz0 3 . Alumina Powder 0 contain.ng 
5.0 weight percent ZrO? and Alumina Powder E containing 1.65 weight percent LajOj and 1.35 weignt 
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percent SaQ ware obtained, respectiveiy. Each alumina powder was separately bailmilled in aqu ous m dia 
in the presence of 5 weight percent acetic add to form a slurry having an average alumina particle size of 
90% by weight of the particles being less than 1Z microns in diameter. Each slurry was dried in a thin layer 
on a glass stide at 125*C for three hours and then calcined in air at 350 °C for on hour to obtain a 
washcoat. Thus; washcoar A,, a, C Q and E each corresponded to the acid-milled Alumina Powder A, S, C. 
D and 6, respectiveiy. Four portions of washcoat A (no stabilizer) were further respectiveiy impregnated with 
aqueous solutions of the same stabilizer precursor compounds as used to obtain stabilized Alumina Powder 
B, C, 0 and E. After a second drying and calcining in air at 350 °C for one hour, improved post-stabilized 
washcoats B, C, D and E were obtained, respectively. Alumina washcoats removed from the glass slides as 
well as the corresponding alumina powders were then aged in air at 1100°C for four hours. The results of 
BET surface areas after aging are shewn in TABLE I. 

The results of TABLE I show that conventional methods to obtain a washcoat by acid-milling of 
stabilized alumina, ta reduce particle sizb result in appreciable loss in the efficiency of the alumina 
stabilization. The results of TABLE I clearly demonstrate that an improved washcoat can be obtained by 
using the post-stabilization impregnation of effective stabilizers in accordance with one aspect of the 
present invention.. 



20 



TABLE I 



Surface Area Retention After Aging 



25 



Sample 
( Alumina J 



Stabilizer 
Content (1) 



Surface Area (BET) m /g 

Alumina Washcoat Improved 

Powder (acid-milled ) Washcoat 

40 12 — 



B 



a~S% BaQ 



67 



20 



56 



(2) 



35 



2.55 La 2 0 3 



5- OS ZrO. 



74 
70 



15 
33 



65 
60 



40 



1,65% La 2 0 3 
1.355 BaO 



80 



58 



76 



45 



cry 



(2) 



50 



Stabilizer content expressed as weight percent of the 
indicated stabilizer based on the total weight of 
stabilizer plus alumina. 
Contained 3-0 weight percent BaO 



In order to isolate the dramatic improvement in retention of surface area after thermal aging provided by 
the post-stabilization impregnation techniqu of the invention, activated aluminas were size-reduced by 
conventional ballmiiling in an acidified aqueous medium. However, it is a feature of the present invention to 
limit acidification of the activated alumina particles to the extent possible consistent with attaining a suitabl 
degree of size reduction and impregnating the alumina particles with platinum group metal catalytic 
component, which often are provided by acidic compounds. It has been found, as one aspect of the present 
invention, that limiting acidification of th activated alumina panicles is beneficial in providing a durable 
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catalyst compos,tion. Acidification of the activated alumina particles is conventionally earned out at least in 
impreg nating the alumina w,th compounds of the platinum group metals. In addition it is convent 
pract.ee when milling the alumina powder particies to reduce the.r size to a des, red s.ze Ze tn 
incorporate an acid into the liquid slurry of particles being milled. Activated alum.na is usually avaSe n 
peculate sue ranges which are much too large to be slurried and coated onto monoi.thic honevSm^ 
inducing the fine gas flow passages or otherwise used to make catalytic comocs.tions of he invent For 
example, activated alumma is usually available in a particle size of 50% by weight of the maZT^J 
greater than 30 microns in diameter. Therefore, the panicles must be reduced i f , ze £ thelS 
making the catalysts of the invention. For example, it is conventional practice to ballS. the powder "I 
activated alumina particles as received from the manufacturer, to a much smaller oarSc e zeLoe Tn\»l 
order of particles of a size of 90% by weight of the material having a diameter of .ess man 30 Sons l^e 
m,il,ng^ carried out ,n a liquid milling medium, usually an aqueous medium, in which the a um'na is 

2£T T 3 f°" d PhaSB t0 Pr ° Vid9 ^ aqUe ° US S ' UrrV ° f alumina - AS used -Vin the c.i m 

sfcrry refers to a continuous liquid phase having fine particles of solids dispersed therein As The 
bal muling or other grinding of the alumina is carried out. when a certain size range is reached Te alum na 
w,,, tend to form a gel in the liquid which renders further size reduction of the particies vir££ impossTbTe 

•# , Z f0rmati ° n ° f ' 961 me S ' Urry be,na mil,ed is conventionally acidified for ex^ole 

w,th n,tnc acd and to permit further size reduction. Other acids, such as sulfuric acid, oxalic acid and^cetio 
aad may be employed for the purpose. Whatever acid is used, it generally has the e Teffect of 

hydroxy.ating a portion of the AW, of the activated alumina. Acetic acid, because it is a weaker acid and 
thererore arguably does less damage to the alumina, is a preferred aciaifying medL Convemio^ 
practice thus calls for baHmilling the alumina in a water solution of n.tric or acetic'acTd One ^7Te 
present invention provides for minimizing acidification of the slurry by eliminating the use of^TaSdifl ng 
medium at least dunng an initial phase of ballmiiling or other size reduction in a liquid medium a^dS 
completing the ballmiiling (or other size reduction) of the alumina after introduction of Ta7^om T or 

STSTh 3 ' 9r ° UP m6tai 38 3 C3ta,ytiC COmp ° nent - The «** P« ati ™ m grouo^S compound 

^J?^J? ' S T" d ^ ° f 5,29 r9dUCti ° n - nW ° n,y the P,atinum Sroup metal catalytic coZnenl 
™f ^f** 0 " t0 pr9vent formation - without necessity of conventional acidi £TS 

general the use of ac.d,fiers other than acidic platinum group metal compounds or complexes i^JntaS^ 
or. preferably, avoided altogether, it having been found that introduction of acidic platinum grZ 
compounds into a slurry of the activated alumina partides prior to or at the start of the second S£o?£ 
Ruction provides sufficient acidification to permit carrying out the size reduction TTy ^limiting 
acidification of me activated alumina particles, the properties of the resultant catalyst composition aS 
enhanced as Seated by the following Examples. The adverse effect on activated alumina of eSng iMo 
aad. even acetic acid, for prolonged periods of ballmiiling is illustrated by the following ExaWpleT 
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The Alumma Powder B of Example 1 containing 0.8% by weight BaO was divided into separate 
batches. One batch was ballmil.ed for the time periods indicated below in an aqueous solution o7 5 ? J tic 
aad. and a second batch was bal.mi.led for the same periods of time in a 7% aqueous solution o aleSc 
aad Two other batches were each calcined in air at too-C for e.ght hours and le calcined powder wS 
then d,y,ded ,nto two batches, one batch be.ng bal.mil.ed for the indicated periods of time in T 5 % acetS 
sdution TABlSI IT MCOnd , b * ch beina ba " milled *» ^e indicated period's of time !n a ^ acetic add 
b^a dial^s tLhn o ° W SetS , 0rth * e am0unt of so,lJt * e a,u ™a to""*, " parts per mil.ion as determined 
soiubiS bv T ^' t' reS l gfT °? ^ aCidifYin9 treatmentS - ^ resDect,ve P°™ 0 ^ of the alumina 
ll^nn *nT T*™ TABLE Z and increases in mil,ina «™ j " the acidified 

thTr m r a jZ e TV n ! C ° nCemraDOn of acid - inc ' ea ** the amount of undes.red solubilization of 
the alumma. The results also md.cate that the high-temperature calcined alum.na is more susceptible to 
solubilization by the acid ballmiiling treatment than is the uncalcmed alumina. suscepooie to 

The results attained are shown in the following TABLE 2. 
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TABLE 2 

Soluble Al 2 a 3 Produced From Ballmilllng 
Of BaG Stabilized Activated Alumina 



Support 
Stabilized 
Alunrlria 



% Acetic 
Acid-Milling 
Medium 
5% 



7% 



Milling 

Time 
8 hours 
12 hours 
16 hours 
8 hours 
12 hours 
16 hours 



Soluble A1 2 0 3 
ppm 
600 
600 
700 
3700 
3900 
5400 



Stabilized 
Alumina After 
Calcination at 
1000 °C Tar 
8 hrs- 



55 



1% 



8 hours 
12 hours 
16 hours 

8 hours 
12 hours 
16 hours 



2000 
5300 
6100 
7400 
8000 
9900 



unadulterated activated alum.na in order that *e ^T^^S^^ understood to mean me 
Throughout this specification and claims the term CO cnem.sorption snou u . - d 

aboviescribed procedure for measuring dispersion of a platinum group metai on a refractory metal ox.de. 
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layers on glass slides, dried and then calcined in air at wr tnr nn* w„ . < 

o, washcoat, a m^XZZ^^f*? * — 

washcoats bearing the platinum arouo m t*i ^i^i. ~ * air at 750 c for one hour. Th 

«< So =4 n ,^7 s ^, c ^r r ZS°" sra men ' amovM ,rom ■» — 

pa*,* * taWnS *. m* Jtt^££S%Z££2£ " ^ 
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TABLE 3A 

Effect of Milling Agents on Platinum Dispersion 
Acid 

Milling Equivalents CO/PM (b) -> 

Agent mole % pH (a) 400°C (c) 750°C (d) 

None — 4.8 1.03-1.13 0.47- 0.52 



0.55 wt. 

HOAc 8.33 x 10" 3 4.4 0.91 



0.33 



1.0% wt.5 

HOAc 1.67 x 10" 2 4.3 0.79 0.28 

1.5* wt.5 2.5 x 10~ 2 4.1 0.86 0.24 
HOAc 



15 Ht. 

HC1C37S) 1.0 x 10" 2 4.5 1.06 0.56 



IS wt. 

HNO-(70S) 1.2 x 10" 2 4.0 0.79 0-08 



IS wt. 

H 2 SO u (98S) 1.0 x 10~ 2 4.6 0.66 0.31 



Tal 

pH of slurry of platinum compound-impregnated alumina 

particles in milling agent. 

^ Platinum dispersion as measured by CO chemisorp tlon at 

25°C, CO molecules per Pt atom. 

^ Sample reduced with H 2 at 400°C for one hour before, dis- 
persion determination. 

^ Sample reduced with at 750°C for one hour before dis- 
persion determination. 

In TABLE 3B, the rhodium component comprises 0.689 weight percent rhodium, measured as the 
elemental metal, of the total weight of rhodium plus alumina. The rhodium was dispersed on the activated 
alumina particles by impregnating them in an aqueous solution of rhodium chloride. 
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TABLE 3B 

Effect of frilling Agents on Rhodium Dispersion 
Acid 

Milling Equivalents CO/PM ^ 

Agent mole % pH (a) HQQ°C (c) 750°C fd) 

N °ne — 5.6 1.75-1-95 0.54-0.57 

0-55 wt. , 

HOAc 8.33 x 10~ 3 5.2 1.0 0.40 
1.0 5 wt. 

HOAc 1.67 x 10" 2 5-2 0. 1 0.07 
1.5% wt. 

KOAc 2.5 x 10~ 2 5.0 0. 1 0.08 

G-5S wt. . . 

HCl(375) 0.5 x 10~ 2 5.2 1.64 0.59 
0.5% wt. 

HNO 3 (70%) 0.6 x 10" 2 4.8. 1.64 ~ 0.15 



0.55 Wt. 

H 2 S0 4 (98%) 0.5 x 10"~ 4.9 1.08 0.43 



(a) 

pH of slurry of rhodium compound-impregnated alumina 
particles in milling agent. 

Rhodium dispersion as measured by CO chemisorption at 
25°C, CO molecules per Rh atom. 

(c ) 

Sample reduced with H_ at 400°C for one hour before dis- 

persion determination . 
(d) Sample reduced with H 2 at 750°C for one hour before dis- 
persion determination . 

In TABLE 3C. the palladium component comprises 1.0 weight percent palladium, measured as the 
elemental metal, of the total weight of palladium plus alumina. The palladium was dispersed on the 
activated alumina panicles by impregnating them in an aqueous solution of H?PdCU. 
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TABLE 3C 

Effect Of Milling Agents On Palladium Dispersion 
Acid 

Milling Equivalents __C0/PM (a) 



mole % 35Q o C (b) 7$QOC (bJ 



Agent 

None 0. 56 0.55 

0.55 wt. 8-33 X 10" 3 0. 18 0. 17 

HOAc 

1.0J wt. 1.67 X 10" 2 0. 18 0.18 

HOAc 

1.55 wt. 2.5 X 10" 2 0.29 0. 24 

HOAc 

1 % wt. 1.0 X 10" 2 0.50 - 0.51 

HC1 

1 % wt. 1.2 X 10~ 2 0.39 0.195 

HN0 3 



55 



< a) palladium dispersion as measured by CO chemlsorption at 
25°C, CO molecules per Pd atom after reduction in dry 
hydrogen at 350°C for one hour. 

air exposure at indicated temperature for one hour 
before determination of palladium dispersion. 

TABLES 3A, 3B and 3C show the adverse effect of increasing acidification on the dispersion of the 
platinum group metal catalytic component on the activated alumina particles. 

Referring now to the sole Figure of the drawings, there is shown a block flow diagram illustrating one 
embodiment of a process for preparing a catalyst composition in accordance with the present invention. 
Activated alumina powder as received from the manufacturer is introduced via line 10 together with distilled 
water introduced via line 12 into a ballmill 14 in which a first stage of size reduction of the particles of the 
alumina powder is carried out Note that the aqueous slurry of alumina powder is not acidified and 
essentially comprises only the distilled water and the alumina powder. Within ballmill 14, size reduction is 
carried out to as small a parte! size as is feasibl without inducing gel formation. Th aqueous slurry of 
size-reduced alumina powder is then transferred via line 16 to a second stage ballmill 22 and an aqueous 
solution of rhodium chloride from storage tank 20 is introduced into lin 16 via line 18. Th rhodium chloride 
acidifies the aqueous slurry of alumina partici s suffici ntly to pr vent gel formation and to p rmit a second 
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stage of size reduction to be carried out within second stage ballmill 22. Upon completion of the second 
stage of size reduction, the rhodium chloride impregnated, reduced size activated alumina slurry is 
transported via iine 24 to a mixing tank 40 wnerein it will be admixed with other slurries to form a finished 
slurry of th catalytic material. 

s Activated alumina powder as received from the manufacturer is introduced via tine 26, together with 

distilled water introduced via line 28 into another first stage ballmill 30 for size reduction. As in ballmiil 14 
th slurry contains essentially only the alumina powder and distilled water with no acid betng present." 
(Obviously, a single first stage ballmill could replace baJImilis 14 and 30 but seoarate ballmiils are shown for 
simplicity of illustration.) Size reduction of the alumina powder is carried out within ballmill 30 to th extent 

to feasible without encounter ing gel formation and the resultant slurry of size-reauced alumina particles is 
transferred via line 32 to second stage ballmill 38. An aqueous solution of chloropiatinic acid from storage 
tank 36 is introduced via iine 34a into line 32 to impregnate the activated alumina particles and acidify the 
slurry. The thus acidified and platinum metal component-impregnated slurry is ballmiiled in ballmill 38 in a 
second stage of size reduction of the activated alumina particles. Upon completion of the second stage of 

T5 size reduction, the slurry is transferred by line 39 into mixing tank 40. The size of the particle reduced in 
the second stage ballmiils 22 and 38 may be, for example, a size range of 90% by weight of th alumina 
particles being less than 1 5 microns in diameter. 

Bulk cerium oxide particles are introduced via line 42, together with distilled water introduced via line 
44, into another first stage ballmill 46 for a first stage of size reduction, for example, to a size range in 

20 which 90% by weight of the cena particles are less than about 15 microns in diameter. The cerium oxide 
particles may optionally be, as indicated in the Figure, aluminum-stabilized panicles of the type described 
in detail in Commonly Owned and copending U.S. Patent Application Seriai No. , filed concurrently 

with this application. These aluminum-stabilized ceria particles are bailmiilea to a aesired size range in first 
stage ballmill 46 and transferred via line 48 to mixing tank 40. An aqueous solution of chloropiatinic acid is 

25 introduced from storage tank 36 via line 34b into line 48 in order to impregnate the ceria particles which, 
typically, have surface area on the order of about 20 m 2 /g to about 200 m*/g. 

The three batches of particles comprising rhodium impregnated alumina, platinum impregated alumina 
and platinum impregnated ceria, are admixed in mixing tank 40 to provide a slurry of the catalytic material 
of the invention. 

30 The slurry is transferred, as needed, from mixing tank 40 via iine 50 to a substrate coating zon 52 
wherein suit able monolithic honeycomb carriers, for example, cordierite carriers having 400 gas flow 
- passages per square inch of face area are dipped into the well agitated slurry in order to coat the fin gas 
flow passages of the monolith with the slurry. As known in the art, certain techniques may be employed to 
insure that ail or substantially ail of the parallel, fine, gas flow passages are filled with the slurry. Exc ss 

35 slurry is removed from the monoliths, such as by blowing compressed air through the fine gas flow 
passages, to leave behind a thin coating of the slurry on the wails of the gas flow passages. Th slurry 
coated substrates are then transferred by any suitable transport means, represented by the arrow 54, to a 
pre-dry zone 56. The pre-dried. slurry coated monoliths are then transferred by suitable transport m ans 
represented by the arrow 58 to a drying zone 60 in which the slurry coated monoliths are dried, usually by 

40 being heated to an elevated temperature on the order of 100°C or so to remove water from the coating of 
slurry and dry the same. After drying, the dried, coated monoliths are transported by suitable transport 
means represented by the arrow 62 to a calcining zone 64 in which the coated monoliths are heated in air 
at a stifl further eievated temperature, although preferably not in excess of about 600 °C. more preferably 
not in excess of about 500 °C, still more preferably not in excess of about 450 °C, say not in excess of about 

45 350 °C. to calcine the coating. Such calcination has the effect of forming a hard adherent coating of the 
catalytic material on the substrate and helps to fix the catalytic metal component, for example, by 
decomposing the catalytic metal compond to a water insoluble form. Obviously, isntead of transporting the 
coated monoliths from a drying to a calcining zone, the same furnace may be used for drying and calcining 
by merely elevating the temperature after an initial drying period. 

so The calcined, catalytic material-coated monoliths are then transported by suitable transport means 

represented by the arrow 66 to a suitable stabilizer impregnation zone 68 in which the calcined, catalytic 
material-coated monoliths are dipped into a liquid solution of a suitable thermal stabilizer precursor. For 
example, this is represented in the flow chart by the passage, from storage tank 72 via line 70, of an 
aqueous solution of any suitable promoter or stabilizer or their precursor compounds, and the introduction 

55 of this solution into stabilizer imoregnation zone 68. In practice, the coatea monoliths may be submerged 
within an aaueous solution of the stabilizer or precursor compounds and thoroughly soaked therein. Excess 
stabilizer solution is allowed to drain from the soaked monoliths back into the tank of solution and the 
monoliths are then transported by suitable transport means represented by the arrow 74 to a drying zone 
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76, wherein the thermal stabilizer precursor-impregnated monoliths are dried, as by heating to a moderately 
elevated temperature of, say, 10Q°C or so. The impregnation and drying step may be repeated one or more 
times if necessary or desirable to increase the amount of thermal stabilizer precursor in the alumina. 
However, in practice, wittr a sufficiently concentrated solution of suitable stabilizer compounds, a singie 
s such treat m ent will usually suffice. After the requisite amount of stabilizer precursor is impregnated into the 
calcined coating, the monoliths are transported by suitable transport means represented in the drawing by 
arrow 73 to a calcining zone 80 wherein the stabilizer-precursor impregnated monoliths are calcined, 
preferably at a temperature not in excess of about 500°C or 600°C, e.g.. not in excess of about 350°C. to 
provide the finished catalyst of the invention. 

to 

Example 4» 

A. By fallowing: the procedures illustrated in the flow chart of the Figure, a 400 cell/in 2 monolith was 
rs coated wittr a platinum and rhodium-impregnated activated alumina washcoat and calcined at 350°C for one 

hour so as to provide a 30 g/ft 3 platinum group metal loading with a 7:1 Pt/Rh ratio. The washcoat contained 
28% by weight (of the total weight of washcoat) of aluminum-stabilized bulk ceria and 3% by weight (same 
basis) of BaO. as the thermal stabilizer. This catalyst is designated "A". 

B. A commercially available Pt/Rh on activated alumina monolith catalyst of similar composition to that 
20 indicated above, including the same platinum group metal loading, was obtained and designated "B". The 

washcoat of this catalyst "C** contained 24% by weight (of the total weight of washcoat) of buik ceria which 
was not stabilized by aluminum, and was prepared by a conventional method in which 0.8% by weight (of 
the total weight of washcoat) of BaO stabilized alumina bearing platinum group metals was bailm tiled in a 
liquid milling agent comprising an aqueous solution of acetic acid, mixed with the buik ceria, and then 

25 coated onto a monaiitrr. 

Each of the catalyst monolith bodies A and B having a volume of 42.4 in 3 was fitted into one of two 
Identical mounting: csrristBrs and mounted in one branch of a split exhaust stream of a laboratory test 
automobile engine. Eactr catalyst A and B was aged in the engine exhaust for a period of 100 hours at a 
stoichiometric air-to-fuel ration ("A/F") set point The catalysts were constantly exposed to an inl t 

3D temperature of about 800*0. During agrng, CO and Oz were intermittently introduced into the exhaust 
stream to provide 3 seconds of a 5% CO "spike" and subsequent 3 seconds of an 8% O2 spike in th 
exhaust for every 60 seconds of operation. In this way. a catalyst temperature of about 1000°C was 
obtained. Commercial unleaded gasoline fuel was used in the engine during the aging. 

After aging, the two catalysts A and B were evaluated on an engine dynamometer wherein the air-to- 

55 fuel ratio (A/F) employed was fluctuated ± 0.5 A/F units at 1.0 Hz perturbations, an A/F of 14.65 being tak n 
as the stoichiometric set point. The evaluation was performed at an inlet temperature of 482*C and an 
exhaust gas flow rate of 80,000 volumes (at standard pressure and temperature) of gas per superficial 
(geometric) volume of catalyst per hour. (By superficial geometric volume is meant the volume of the entir 
catalyst structure including the voids provided by the gas flow passages, and not just the volume of 

4Q catalytic material on the monolith.) The catalytic efficiencies of catalysts A and B at the above-described 
conditions is summarized in TABLE 4. 

By reference to TABLE 4, it is immediately apparent that the catalyst A prepared by the method of the 
present invention provided durable performance in three-way conversion (TWC) use which is superior as 
compared to the catalyst B prepared by a conventional method. 

45 
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TABLE 4 

Conversion Efficiency of Engine Aged Monolithic Catalysts 

% Conversion at A/P Shown 



70 



rs 



14.45 
A/? HC CO NO, 

4 

Catalyst 



% Conversion at A/P Ratio 



14.55 
HC CO NO 



14.64 
HC CO NO 



14.75 
HC CO NO 



14.85 



HC CO NO 
x x 



A 66 35 78 72 42 72 77 49 66 80 53 61 82 55 60 

B 57 26 65 65 34 61 70 40 56 74* 42 53 77 46 52 
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Whiie the invention has been described in detail with respect to specific preferred embodiments 
thereof, it will be apparent to those skilled in the art upon a reading of the foregoing that numerous 
variations may be made thereto without departing from the scope of the invention or the appended claims. 



Oaims 



1. A method of making a catalyst composition comprising a platinum group metal catalytic component 
and an activated alumina stabilized against thermal degradation, the method comprising: 

30 (a) applying a coating of activated alumina to a carrier substrate; 

(b) calcining the resultant alumina-coated substrate to provide a calcined coating of activated alumina 
thereon; 

(c) dispersing one or more platinum group metal components on the activated alumina: 

(d) after step (c). dispersing a stabilizer-precursor onto th e calcined coating on the carrier and 
35 (e) calcining the coating having the stabilizer-precursor dispersed thereon. 

2. A method according to claim 1 wherein the stabilizer-precursor is dispersed onto the calcined coating 
in step (d) by impregnating the calcined coating with an aqueous solution of a stabilizer-precursor. 

3. A method according to claim 1 or claim 2 wherein said one or more platinum group metal catalytic 
components is combined with the activated alumina prior to applying the catalytic metal components and 

40 activated alumina to the carrier substrate. 

4. A method according to any preceding claim including the step of combining a solid, particulate c ria 
with the activated alumina to form an aiumina-ceria mixture prior to step (a). 

5. A method according to claim 4 wherein said one or more platinum group metal catalytic components 
comprise at least one rhodium compound and at least one compound of a platinum group metal other than 

45 rhodium and wherein said compound of a platinum group metal other than rhodium is combined with th 
ceria prior to applying the alumina-ceria mixture to the carrier substrate in step (a). 

6. A method according to claim 4 or claim 5 wherein the solid, particulate ceria comprises an 
aluminum-stabilized ceria. 

7. A method according to claim 6 wherein the aluminum-stabilized csria contains from 0.05 to 10 weight 
so percent of aluminum, measured as AI2O3. based on the total weight of the aluminum-stabilized ceria 

8. A method according to claim 6 or claim 7 wherein the ceria comprises at least 90 weight percent 
ceria, measured as Ce02. and exclusive of the aluminum-stabilizer content. 

9. A method according to claim 8 wherein the ceria comprises at least 95 weight percent ceria, 
measured as CeOi, and exclusive of the aluminum-stabilizer content. 

55 10. A method according to claim 8 wherein the ceria comprises at least 99 weight percent ceria. 

measured as CeOs. and exclusive of the aluminum-stablizer content. 
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1 1 . A method according to any of claims 4- to 7 wherein a rare earth metal oxide constituent other than 
CeOj is also applied to the substrate, the ceria comprising at least 90 weight percent measured as CeOz. of 
the total rare earth metal oxide constituents applied. 

12. A method according to claim 11 wherein the ceria comprises at least 95 weight percent, measured 
s as CeOa. of the tota* rare earth metal oxide constituerrrs applied. 

13. A method according to claim 11 wherein the ceria comprises at least 99 weight percent, measured 
as Ce02. of the total rare earth metal oxide constituents applied. 

14. A method according to any preceding claim wherein step (d) comprises impregnating the calcined 
coating with an aqueous solution of a stabilizer precursor selected from the group consisting of one or more 

to of alkaline earth metal oxide precursors, silicon dioxide precursors, rare 9arth metal oxide precursors and 
Group IVB metal oxide precursors. 

15. A method according to claim 14 wherein the stabilizer precursor comprises a barium compound and 
a lanthanum compound. 

16. A method according to claim 14 wherein the Group IVB metal is zirconium. 

75 17. A method according to any preceding claim including modifying the activated alumina by 
incorporating therein a modifier selected from the group consisting of one or more of alkaline earth metal 
oxides, rare earth metal oxides, silicon dioxide. Group IVB metal oxides, chromium oxide, iron oxide, nickel 
oxide and precursors thereof. 

18. A method according to any of claims 1 to 16 wherein the activated alumina which is impregnated 
20 with the stabilizer-precursor is an unstabilized activated aiumina. 

19. A method according to any preceding claim wherein said one or more platinum group metal 
catalytic components comprises a platinum component 

20. A method according to any preceding claim wherein said one or more platinum group metar 
catalytic components comprises a palladium component 

25 21. A method according to any of claims 1 to 18 wherein said one or more platinum group metal 
catalytic components comprise a platinum component and a palladium component 

22. A method according to claim 13 or claim 20 wherein said one or mere platinum group metal 
catalytic components further comprise a rhodium component. 

23. A method according to any preceding claim including limiting the exposure of the alumina to acid 
30 so that platinum and rhodium catalytic components, when one or both are present each has a dispersion of 

at least 0.3 carbon monoxide molecules per atom of platinum group metal as measured by CO chemisorp- 
tion after reduction in hydrogen at 750 °C for one hour. 

24. A method according to any of claims 1 to 22 including limiting the exposure of the alumina to acid 
so that platinum and rhodium catalytic components, when one or both are present, each has a dispersion of 

as at least 0.4 carbon monoxide molecules per atom of platinum group metal as measured by CO chemisorp- 
tion after reduction in hydrogen at 750 °C for one hour. 

25. A method of making a catalyst composition comprising an activated alumina having one or more 
platinum group metal catalytic components dispersed thereon, comprising: 

(a) dispersing one or more platinum group metal catalytic components on an activated alumina: 
-*o (b) applying to a carrier substrate the activated alumina having the one or more platinum group metal 

catalytic components thereon, and calcining the resultant coating on the carrier substrate; and 

(c) carrying out steps (a) and (b) while limiting the exposure of the activated alumina to acid so that 
platinum, rhodium and palladium catalytic components, when one or more are present each has a 
dispersion of at least 0.3 carbon monoxide molecules per atom of platinum group metal as measured by 
45 CO chemisorption (i) the dispersion of platinum and rhodium being measured after reduction in hydrogen at 
750 °C for one hour and (ii) the dispersion of palladium being measured after heating in air for one hour at 
750 °C followed by reduction in hydrogen at 350 °C for one hour. 

26. A method according to claim 25 wherein the platinum, rhodium and palladium catalytic components, 
when one or more are present each has a dispersion of at least 0.4 carbon monoxide molecules per atom 

so of platinum group metal as measured by CO chemisorption. 

27. The method of claim 26 or claim 26 including incorporating a solid, particulate ceria with the 
activated alumina. 

28. The method of claim 27 wherein the solid, particulate ceria comprises aiuminum-stablized ceria. 

29. The method of claim 27 or claim 28 wherein the ceria comprises at least 90 weight percent ceria, 
55 measured as CeOs, and exclusive of the aluminum stabilizer content. 

30. The method of claim 27 or claim 28 wherein the ceria comprises at least 95 weight percent ceria, 
measured as Ce02. and exclusive of the aluminum stabilizer content. 
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31. The method of claim 27 or ciaim 28 wherein the ceria compris s at least 99 weight percent ceria. 
measured as Ce02. and exclusive of the aluminum stabilizer content 

32. The m thod of any preceding claim including dispersing the on or more platinum group metal 
catalytic components on the activated aJumtna by contacting the activated alumina with one or more liquids 
containing, dispersions therein of compounds of the metals of said platinum group metal catalytic comoo- 
nents. H 

33. The method of ciaim 32 wherein the one or more liquids comprise one or more aqueous solutions 
of compounds of the metals of the platinum group metal catalytic components. 

34. The method of any of claims 25 to 33 including modifying the activated alumina by incorporating 
therein a modifier selected from the group consisting of one or more of alkaline earth metal oxide, rare 
earth metal oxide, silicon dioxide, Group IVB metal oxides, chromium oxide, iron oxide, nickel oxide and 
precursors thereof. 

35. The method of any preceding claim wherein the calcining is carried out at a temperature not in 
excess of about 600 a C. 

36. The method of claim 35 wherein the calcining is carried out at a temperature not in excess of about 
500 °C. 

37. The method of ciaim 36 wherein the calcining is carried out at a temperature not in excess of about 
350 °C. 

38. The method of any preceding ciaim wherein the calcining is carried out in air. 

39. A method according to any preceding claim including in a preliminary step, milling a slurry of 
particles of the activated alumina in a non-acidified milling liquid to reduce the size of the particles in a first 
stage size reduction step. 

40. A method according to claim 39 wherein the milling liquid comprises water. 

41. A method according to ciaim 39 or claim 40 including carrying out a second stage size reduction 
step comprising milling the particles of activated alumina obtained from the first step in an acidified milling 
liquid. 

42. A method according to claim 41 wherein the acidified milling liquid is an aqueous solution of a 
suitable acid. 

43. A method according to claim 41 wherein the acidified milling liquid is an aqueous solution of a 
compound of a metal of said platinum group metal catalytic components. 
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